Abstract Epstein-Barr virus (EBV) infects more than 90% of the adult human population. Undifferentiated nasopharyngeal carcinoma (NPC) is common in Southeast Asia, with a particularly high incidence among southern Chinese. The EBV genome can be detected in practically all cancer cells in undifferentiated NPC. The role of EBV in pathogenesis of undifferentiated NPC remains elusive. NPC cell lines are known to be difficult to establish in culture. The EBV+ve NPC cell lines, even if established in culture, rapidly lost their EBV episomes upon prolonged propagation. At present, the C666-1 NPC cell line, which is defective in lytic EBV reactivation, is the only EBV+ve NPC cell line available for NPC and EBV research. The need to establish new and representative NPC cell lines is eminent for NPC and EBV research. In this study, we report the use of the Rho-associated kinase inhibitor (Y-27632) has facilitated the establishment of a new EBV+ve NPC cell line from an earlier established NPC xenograft, C17. The C17 cell line was tumorigenic in immune-deficient mice (NOD/SCID). It retained the EBV episomes and could be induced to undergo productive lytic reactivation of EBV to generate infectious virus particles. The C17 cell line represents a new investigative tool for NPC and EBV studies. The ability of C17 to undergo lytic reactivation is unique and opens up the opportunity to examine regulation of latent and lytic infection of EBV and their contributions to NPC pathogenesis.
Introduction
Undifferentiated nasopharyngeal carcinoma (NPC) is highly prevalent among southern Chinese, particularly the ethnic Cantonese population. One of the unique features of undifferentiated NPC is the universal presence of Epstein-Barr virus (EBV) infection. EBV infection is believed to be an early event in NPC development and plays an important role in its pathogenesis. Expression of latent EBV genes, including EBER1/2, EBNA1, LMP1, LMP2, and BART-microRNAs, are detected in primary NPC and may contribute to pathogenesis as well as progression of NPC [1] .
A major obstacle in the field of NPC and EBV studies is the scarcity of representative NPC cell lines for investigations. Most of the commonly used NPC cell lines are contaminated with obscure genetic elements of HeLa cells [2, 3] . Furthermore, all except one of the previously reported NPC cell lines lost their EBV episomes upon prolonged subculture (within 10-20 passages), which limits their use as representative NPC cell lines. The C666-1 is the only EBV+ve NPC cell line used extensively in NPC and These authors contributed equally: Yim Ling Yip, Weitao Lin.
EBV research. It was established from an earlier established NPC xenograft (xeno-666), which has been passaged in nude mice [4] . The C666-1 is defective in lytic reactivation of EBV, which may account for its ability to retain EBV episomes upon continuous propagation in culture. EBV infection is an essential feature of NPC. Representative NPC cell lines harboring EBV episomes are important investigative tools in understanding the contribution of EBV infection in NPC pathogenesis and progression.
For unclear reasons, establishment of cell lines in culture from NPC is known to be difficult. The rich inflammatory tumor microenvironment in NPC probably plays an essential role in providing the growth factors and stromal cell interaction essential to support growth of NPC cells in patients as well as maintenance of latent EBV infection in NPC cells. Furthermore, the undifferentiated property of NPC cells may also be crucial for the maintenance of EBV episomes. Explantation of NPC tissues in culture medium lacking these supportive growth factors and stromal cell interaction may alter the differentiation properties of NPC cells, rendering them non-permissive to retain EBV. This contrasts greatly with EBV infection of B cells, which confers proliferation advantages to infected B cells. Our experience with establishment of NPC cells from biopsies and surgical specimens was that epithelial outgrowths from NPC specimens readily stopped proliferation suggestive of suboptimal culture conditions to sustain the growth of EBVinfected NPC cells. The EBV+ve C666-1 was established from the xenograft, X666, which has been passaged 18 times in nude mice and may be less dependent on the supportive stromal factors for growth [4] . A previous study also showed that cell line establishment from xenografted tissues is much more efficient (47% success rate) compared to that from fresh tumor specimens (9.7% success rate) [5] . We have previously attempted to establish NPC cell lines from established NPC xenografts, including xeno-2117, C15, and C17 using conventional culture medium composed of RPMI 1640 supplemented with 10% fetal bovine serum but failed (unpublished observations). Recent studies have reported that inhibition of the Rho-associated kinase (ROCK) by Y-27632 induces a stem-like phenotype and reprogramming of embryonic stem cells [6] and epithelial cells [7, 8] . Treatment of cells with ROCK inhibitor could prevent growth arrest, inhibit terminal differentiation of squamous epithelial cells, support cell proliferation, and immortalize keratinocyte [9] [10] [11] . These special properties of ROCK inhibitor may be advantageous for the establishment of EBV+ve NPC cell lines, which are predominantly undifferentiated in nature. Furthermore, we have reported stemness properties in the C666-1 cells [12] , which may be crucial for its ability to retain EBV episomes. In this study, we have applied the use of spheroid cultures in the presence of ROCK inhibitor (Y-27632) and successfully established a new EBV+ve NPC cell line from the C17 NPC xenograft. Interestingly, the newly established C17 cell line could be induced to undergo lytic reactivation upon expression of BZLF1 (Zta) which is the key viral gene regulating the latent to lytic switch of EBV infection. The C17 represents the first NPC cell line which is amenable to lytic reactivation to produce infectious EBV particles.
Materials and methods

Xenograft and cell lines
The C17 NPC xenograft used to establish the EBV+ve NPC cell line reported in this study was originally established in athymic nude mice from a cutaneous metastasis from the late stage of a male patient with poorly differentiated EBV+ve NPC admitted at the Institut Gustave Roussy [13, 14] . The patient had received multiple treatment. Oral informed consent was obtained from the patient, which was in accordance with the laws in force at that time. For 20 years, passages were performed each month on Swiss nude mice bread in animal facility in Institut Gustave Roussy with the same protocol. Tumors from donor mice were minced in fragments of 1-3 mm in diameter. The most necrotic fragments (white) were discarded. About 1.5 mg of wet fragments were implanted subcutaneously in recipient mice. The xenograft was passaged on BALB/cAnN-nu (nude) mice in laboratory animal unit in the University of Hong Kong. Procedures for mouse experiment were approved by the animal experimentation ethics committee of the Institut Gustave Roussy (CEEA-26 -decision #2012-079) and the Committee on the Use of Live Animals in Teaching and Research in the University of Hong Kong. Establishment of the C17 cell line was initiated from the explant culture of C17 xenografted tissues in 2012, after 4 passages in the University of Hong Kong. To initiate the epithelial outgrowth from the C17 NPC xenograft, the xenografted tumor was cut into small pieces around 1 mm 3 in sizes and explanted to a T-25 culture flask (Thermo Fisher Scientific, Waltham, MA) initially with 2 ml of RPMI 1640 medium (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (GIBCO, Thermo Fisher Scientific), 100 U/ml penicillin and 100 μg/ml streptomycin. In addition, 4 μM of ROCK inhibitor, Y-27632 (Enzo Life Sciences, Inc., Farmingdale, NY), was included in the culture medium. Details of the establishment of the C17 as continuous cell line in culture are described in "Results". The Namalwa, C666-1, and EBV-uninfected Akata cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. All the cell cultures were maintained in a 37°C incubator with 5% CO 2 in air.
Spectral karyotyping (SKY) analysis
The methods for metaphase chromosome spreads and spectral karyotyping have been published previously [15] . Metaphase preparations of the C17 cells were stained with 24-color SKYPaint probe (Applied Spectral Imaging, Migdal, Ha'Emek, Israel) and image detection was carried out according to the recommendations from manufacturer. SKY images were captured using the SkyVision Imaging System equipped with a Zeiss Axioplan 2 fluorescence microscope. Karyotyping was performed using SKY View 2.0 software (Applied Spectral Imaging).
Soft agar growth assay
Anchorage-independent growth ability of the established C17 cell line was determined by soft agar assay. The assay was carried out in a 6-well plate (Greiner Bio-One, Monroe, NC) with 0.6% bacto-agar base and 0.3% bacto-agar top containing 5 × 10 4 cells. Anchorage-independent colonies were counted 2 months after incubation. Colonies greater than 0.2 mm in diameter, containing more than 50-60 cells, were counted [16] .
Tumorigenesis in mice
The tumorigenicity of the established C17 cell line was investigated by subcutaneous injection in NOD/SCID mice. About 1 × 10 7 cells (100 μl) were mixed with equal volume of Matrigel (BD Biosciences, San Jose, CA) and injected subcutaneously into each of the 4-to 6-week-old male NOD/SCID mice. Six mice were injected and the growth of tumor was measured every 3-4 days until the tumor was around 2 cm 3 in size.
Determination of the EBV genome copy number by quantitative PCR
DNA from the established C17 cell line and its parental C17 xenograft was extracted using DNeasy blood and tissue kit (Qiagen, Venlo, the Netherlands) according to the manufacturer's instructions. PCR amplification was carried out on MyiQ2 Two Color Real-Time PCR detection system (BioRad, Hercules, CA) using LightCycler 480 Probe Master with specific probe from Universal Probe Library Set, Human (Roche Applied Science, Penzberg, Upper Bavaria, Germany). The primers and probes for human β-globin and EBNA1 are listed in Supplementary Table 1 . The expression level of EBNA1 transcript was internally normalized using the expression level of human β-globin. The relative expression of EBNA1 was determined by the 2 -ΔΔCt method. The absolute EBV genome copy per cell was estimated after normalization to the EBV DNA in Namalwa which contains 2 copies of integrated EBV genome per cell [17] .
EBV gene expression profile by RT-PCR analysis
Extraction of total RNA and the reverse transcription to cDNA was performed as previously described [18] . Expression levels of EBV genes were examined by quantitative RT-PCR using the PCR machine and reagents as mentioned above. The primer sequences with specific probes are listed in Supplementary Table 1 . The expression levels of the EBV genes were normalized with human glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The relative expression level of genes of interest was determined by the 2 -ΔΔCt method.
Western blot analysis
The Western blot analysis was carried out as previously described [19] . Antibodies against Zta and Rta were purchased from Argene (bioMérieux SA, France). An antibody against EA-D was kindly provided by Prof. Jaap Middeldorp (VU University Medical Center, the Netherlands).
The antibody against β-actin was from Santa Cruz Biotechnology (Dallas, TX).
Fluorescence in situ hybridization (FISH) for the EBV genome
In this study, EBV FISH was also performed to examine the presence of EBV genomes using a DNA probe targeting BamHI-W repeats of the EBV genome. The biotin-labeled EBV probe was kindly provided by Prof. Bill Sugden (McArdle Laboratory for Cancer Research, University of Wisconsin-Madison, Madison, WI, USA). The detailed procedures have been published previously [20] .
Histology and EBER in situ hybridization
Paraffin sections of 5 µm thickness were prepared from the embedded tissues. The paraffin sections were de-waxed and rehydrated before used for hematoxylin & eosin (H&E) staining for histopathological examination and for EBER in situ hybridization (ISH) to detect the presence of EBV. The procedures for EBV ISH using EBV probe ISH kit have been previously described [21] . Positive signals were indicated by the dark blue intranuclear staining which are indicative for presence of EBV infection in the C17 xenografts.
Induction of lytic reactivation of EBV in the established C17 cell line
To re-activate lytic EBV infection in the established C17 cells, the cells were transfected with a BZLF1-expressing plasmid p509 [22] (kindly provided by Prof. Wolfgang Hammerschmidt, German Research Center for Environmental Health, Munich, Germany) using the X-tremeGene HP DNA transfection reagent (Roche) following the manufacturer-recommended instructions. After 24 h of transfection, the C17 cells were cultured in fresh medium. The transfected cells were harvested at 24, 48, and 72 h after transfection and extracted for DNA, RNA, and protein to detect the EBV copy number and the expression levels of EBV latent and/or lytic genes.
Assay for presence of infectious EBV particles in the supernatants of C17 cells after lytic reactivation by BZLF1
After lytic reactivation of EBV infection in the established C17 cell line by expression of BZLF1, the culture supernatants from the BZLF1-transfected and untransfected C17 cells were collected. The harvested supernatants were centrifuged at 800 rpm for 5 min and then filtered through a 0.45 μm cellulose acetate filter to remove the cell debris.
Then the centrifuged and filtered supernatants, which contain the EBV particles, were further subjected to ultracentrifugation at 20,000 rpm for 4 h at 4°C to pellet the EBV particles. The supernatant was discarded and the pellet was resuspended using RPMI 1640 medium supplemented with 10% fetal bovine serum in 1/30 of the original volume. These procedures concentrated the EBV concentration in the culture supernatant by 30×. EBV-negative Akata cells were then incubated with the concentrated EBV supernatant for 3 days. The infected Akata cells were harvested and subjected to DNA and RNA extraction to detect the presence of EBV copy and EBV gene expression, respectively.
Results
Establishment and growth history of C17 cell line from the NPC xenograft
The difficulty in establishing EBV+ve NPC cell lines that can be propagated continuously suggested that the culture conditions for NPC cells have not been optimized. The C17 was not grown immediately as a monolayer culture (Fig. 1a) . The explants did not attach well to the culture surfaces but spontaneously formed tumor spheroids from the C17 xenografts, which could be propagated. The ability to grow as tumor spheroids may suggest that EBV-infected NPC cells prefer a three-dimensional (3D) growth condition in culture. The inclusion of Rho-associated kinase (ROCK) inhibitor (Y-27632) [7] was crucial for the growth and propagation of these NPC spheroids in culture (Fig. 1b) . Tumor spheroids were formed only when ROCK inhibitor was included in culture medium. These tumor spheroids were tumorigenic when injected back into immune-deficient mice (results not shown). These 3D tumor spheroids could be expanded and propagated in culture over long periods of time (>500 days). During this period, we observed continuous growth and increase in size of C17 spheroids. Some of the larger size tumor spheroids eventually settled down and attached onto the culture surface with epithelial outgrowths from the attached spheroids (Fig. 1c) . We carefully monitored the growth conditions of the epithelial outgrowth migrating out from the attached spheroids using mixed fresh and conditioned culture medium. The epithelial cells in the outgrowth continued to proliferate and could be propagated in monolayer and passaged over 170 population doublings without any sign of senescence. The average doubling time of the C17 cell line is around 4.5 days. The morphology of the monolayer C17 cell line at population doubling (PD) 155 is shown in Fig. 1d .
Short tandem repeat (STR) analysis for the authenticity of C17 cell line from its parental NPC xenograft
Earlier reports have shown that many common NPC cell lines used in the investigation either have identical STR profiles and/or contamination of genetic elements from HeLa cells [2, 3] suggestive of common origin and potential contamination from HeLa cells. We have performed short tandem repeat analysis to confirm the authenticity of this newly established EBV+ve NPC cell line, C17, from the original NPC xenograft passaged in nude mice. The genotypes at 15 STR loci (D5S818, D13S317, D7S820, D16S539, vWA, TH01, TPOX, CSF1PO, D3S1358, D21S11, D18S51, Penta E, Penta D, D8S1179, and FGA) and amelogenin at the sex chromosomes were examined and compared (Supplementary Table 2 ). The STR profiles of C17 cell line and the parental C17 xenograft are identical, but differ from the other NPC cell lines used in the field [2] .
Cytogenetic analysis of C17 cell line
Twenty-five metaphase spreads of C17 cells were analyzed using the first passage of the cells in the epithelial outgrowth from the tumor spheroids. Spectral karyotyping showed that C17 cell line is a near-diploid cell line with stabilized structural aberrations on most of the chromosomes. Identical chromosome aberrations were detected in 21 out of 25 analyzed metaphases (Fig. 2a) . All structural aberrations in the C17 cell line differ from those of previously reported EBV+ve C666-1 cell line [4] or other EBV-negative NPC cell lines. This further excludes the possibility of cell contamination from previous NPC cell lines. We compared the cytogenetic report published 25 years ago on short term in vitro culture of C17 cells using G-banding techniques [23] , with the cytogenetic analysis in this study using spectral karyotyping. Interestingly, some identical or similar derivative chromosomes identified in earlier study were preserved in the established C17 cell lines, which include the identical der(3)t(3;8), as well as der(6;12) and der(5)t(5;9)t (8;9) reported as der(12)t(6;12) and der(5)t(5;8), respectively, in the earlier report. The use of spectral karyotyping has identified additional derivative chromosomes not described in the earlier study. The molecular identity of the genes involved remained to be elucidated.
Anchorage-independent growth and tumorigenicity of C17 cell line
The anchorage-independent growth is a good indicator of in vitro transformation property of cancer cell lines. Soft agar colony formation assay was performed in the established C17 cell line at PD 79. Results showed that the C17 cells could undergo anchorage-independent growth with 77 ± 0.71 colonies detected in 5 × 10 4 cells seeded as single cells in soft agar. A representative image of the soft agar colonies is shown in Fig. 2b .
The in vivo tumorigenic property of the established cell line (at PD 76) was further confirmed in immune-deficient animals. Six NOD/SCID mice were injected subcutaneously with 10 7 C17 cells mixed in 1:1 ratio of Matrigel and culture medium in a total of 200 μl. Tumorigenic growth was observed in six out of six mice injected (Fig. 2c) . The tumor size was around 2 cm 3 at day 34 after injection. These results confirmed the established C17 cells retained the tumorigenic property of the parental C17 xenograft. Figure 2d shows the representative image and appearance of the tumor formed from injection of C17 in NOD/SCID mice. Histological sections revealed similar undifferentiating histological features in the tumor from the established C17 cell line and the parental C17 tumor xenografts (Fig. 2e) . In situ hybridization of EBER also confirmed the presence of EBV in tumors from the newly established C17 cell line and the parental C17 xenograft.
EBV infection status in C17 cell line
The EBER ISH study confirmed the presence of EBV in the tumor xenografts derived from the established C17 cell line. We further confirmed the presence of EBV infection in the Fig. 1 Growth history of C17 cell line. a Growth curve of C17 cell line. Tissues from C17 xenograft were cut into small pieces and seeded in culture. By including ROCK inhibitor (Y-27632) in the culture medium (RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin), spontaneous growth of C17 as tumor spheroids were observed (b) (scale bar: 500 μm). The C17 tumor spheroids grew and increased in size. The tumor spheroids increased in number by the spontaneous dissociation of spheroids and they were propagated by passing to culture flasks. Around 500 days after growth as spheroids, some of the larger C17 spheroids attached to the culture surfaces (c) (scale bar: 500 μm). Epithelial outgrowths were observed from the attached spheroids, which could be propagated as monolayer culture and finally became a continuous cell line (d) (scale bar: 100 μm).
newly established C17 cell line grown as monolayer in culture and as tumor xenograft in NOD/SCID mice by realtime PCR for the presence of EBV DNA. Results showed that the EBV DNA, EBNA1, could be detected in the similar passage (PD 76-90) in both the C17 cell line propagated as monolayer in vitro and as tumor xenograft in vivo (Fig. 3a) . Interestingly, we detected a higher EBV copy in C17 cells grown as tumor xenograft (8.12 ± 0.74 per cell) compared to C17 cells grown as monolayer in culture (3.17 ± 0.09 per cell). This may suggest that EBV infection may provide selective growth advantage to C17 growth in 3D culture condition, which mimics more the growth of NPC cells in vivo. This observation is consistent with the finding of the universal presence of EBV infection in almost all the undifferentiated NPCs in patients and in all the established NPC xenografts passaged in immune-deficient mice (xeno-666, xeno-2117, C15, C18, and C17), supporting a selective growth advantage of EBV-infected NPC cells in vivo. The nature of this selective growth advantage remains elusive. Elucidation of this growth advantage of EBV-infected NPC cells in vivo may provide insights into the contribution of EBV infection to growth of NPC cells in patients. In contrast, EBV episomes are readily lost in NPC cells propagated in culture using conventional media, suggesting that EBV infection per se may not confer a growth advantage to NPC cells in monolayer culture. In the presence of ROCK inhibitor, the EBV episomes remain stable in the newly established C17 cell line upon propagation. The inclusion of ROCK inhibitor may influence differentiation properties of the NPC cells and contribute to the stable maintenance of EBV in the established C17 cell line. The long passage history of C17 xenograft in immune-deficient mice may also select for stable EBV-infected clones of C17 cells. The presence of EBV in the C17 cell line was further confirmed by interphase fluorescence in situ hybridization (FISH) for the presence of EBV genome (Fig. 3b) . All the 200 cells analyzed at PD 167 were EBV+ve. The average number of EBV copies per C17 cell cultivated in vitro analyzed using FISH at PD 167 was 3.0 ± 1.8, which is comparable with the EBV copies (3.17 ± 0.09 per cells) using PCR quantitation of EBV DNA at PD 90. We did not observe statistically significant drift in copy numbers per C17 cell at PD 167, when compared with that at earlier population doublings 5 and 100 (p > 0.05).
We then determined the EBV gene expression profiles in the C17 cell line. Both the C17 cell line and xenograft showed a similar expression level of EBV genes. Expression of latent transcripts of EBV genes (EBNA1, EBER1/2, LMP1, and LMP2) could be detected in the newly established C17 cell line (Fig. 3c) . The expression of EBV lytic genes (BZLF1, BRLF1, BMRF1, and BLLF1) was low in C17 cells compared to C666-1. The profiles of EBV gene expression detected in C17 cells are representative of type II latent EBV infection, which is characteristic of latent EBV infection in NPC.
Reactivation of lytic EBV infection in C17 cell line
We then examined if lytic infection of EBV could be induced in the newly established monolayer culture of C17 NPC cells (at PD 106-169). The BZLF1, which is the immediate early transactivator initiating the switching of latent to lytic infection of EBV in infected cells, was expressed by transient transfection in the C17 cell line. The successful expression of BZLF1 in C17 cells at PD 117 was confirmed by the increased expression of BZLF1 transcripts in transfected C17 cells by RT-PCR (Fig. 4a) . Increased expression of other EBV lytic transcripts, BRLF1, BMRF1, and BLLF1, were also detected following expression of BZLF1. The BRLF1 is an immediate early transactivator activated by BZLF1, which plays an important role in lytic reactivation of EBV in infected epithelial cells [24] . The BMRF1 is an early EBV gene that encodes the polymerase accessory protein (EA-D), which is essential for lytic replication of EBV DNA. The BLLF1 is the late EBV gene encoding the major viral glycoproteins, gp350/220, which are involved in EBV infection. The increased expression of immediate, early, and late lytic EBV genes suggested productive lytic EBV reactivation in C17 cells. Expression of EBV latent genes, EBNA1, EBER1/2, LMP1, and LMP2, were detected in the C17 cells, but remained fairly unchanged in expression levels, except for LMP1. Expression of LMP1 increased significantly following the expression of BZLF1. The increased expression of LMP1 conformed to recent reports that LMP1 expression may play an important role in lytic infection of EBV [25, 26] .
The increase in protein expression of BZLF1 (Zta), BRLF1 (Rta), and BMRF1 (EA-D) was also confirmed in the BZLF1-transfected C17 cells (Fig. 4b) . Expression of Zta was detected in the C17 cells 24 h after BZLF1 transfection. Expression of Rta, which is encoded by the BRLF1 gene, was detected only after expression of Zta at 48 h time point and continued to increase at 72 h time point after BZLF1 transfection. The EA-D protein was detectable after the expression of the two immediate early proteins (Zta and Rta) and was detected at a higher level at 72 h time point after BZLF1 transfection. The copy number of EBV DNA Fig. 2 Characteristics of C17 cell line. a Spectral karyotyping of C17 cell line. The karyotype of C17 is as follows: 39,X,-Y?,del(1)(p3?),der (1)t(1;?3)(q21;?),der(2)t(2;?12)(p24;?),der(3)t(3;8)(p24;q21),−4,dup (?)(5)(q?),der(5)t(5;9)(q31;q11)t(8;9)(q11;q2?),+6,der(6)del(6)(p21)t (4;6)(q12;q12),der(6;12)(q10;q10),der(7)t(7;9)(q3?;?),−8,der(8;12) (q10;p10),der(9)t(2;9)(?;q3?),del(10)(q11),der(11;21)(q10;q10),der (11)t(8;11)(?;q12),der(13;13)(q10;q10)del(q31),−14,der (14) [21] . This karyotype reveals that C17 is near-diploid. Identical chromosome aberrations were detected in 21 out of 25 analyzed metaphases, indicating that this cell line retains some degree of genetic stability. b Anchorage-independent growth of C17 cell line as soft agar clones. Soft agar colony formation assay of C17 cell line showed that 77 ± 0.71 colonies can be formed from 5 × 10 4 cells. Representative image of the soft agar colonies is shown (scale bar: 500 μm). c Growth of xenograft in NOD/SCID mice from injection of C17 cell line. Ten million C17 cells were mixed with Matrigel and injected subcutaneously into NOD/SCID mouse for the measurement of growth rate of xenograft. Six mice were examined. The tumor growth was measured by the formula: width × width × length/2. The tumors were measured every 3 or 4 days until the tumor was about 2 cm was also significantly increased by more than fourfold in C17 cells transfected with BZLF1 compared to untransfected C17 cells (Fig. 4c) . The increased transcription levels of lytic genes and proteins of EBV, as well as EBV DNA copy in C17 cells upon transfection of BZLF1, support the activation of lytic infection of EBV in C17 cells.
We then examined if infectious EBV particles could be detected in the supernatant harvested from C17 cells transfected with BZLF1. Supernatants from BZLF1-transfected and untransfected C17 cells were harvested and centrifuged at high speed to concentrate the EBV particles, if they were present in the supernatants. The concentrated supernatant was then used to infect the EBV-negative Akata cells to detect the expression of EBV genes and EBV DNA in the infected cells. The procedures are shown in the schematic diagram in Fig. 4d . Results showed that the EBV DNA was increased by 175-fold in the Akata cells incubated with supernatant harvested from BZLF1-transfected C17 cells compared to Akata cells incubated with supernatant harvested from control untransfected C17 cells (Fig. 4e) . Expression of EBV genes could also be detected in Akata cells incubated with concentrated supernatant harvested from BZLF1-transfected C17 cells, but not from control untransfected C17 cells (Fig. 4f) . All these results clearly demonstrated that productive EBV lytic infection could be induced in C17 cell line after expression of BZLF1.
Discussion
The difficulty in establishment of representative NPC cell lines harboring EBV has seriously hampered research and investigation on EBV infection in NPC. At present, there is only one NPC cell line, C666-1, which harbors EBV. The lack of representative NPC cell lines also limited preclinical testing of novel and effective therapeutic agents for treating NPC. The underlying reasons for the difficulty in establishment of NPC cells are not clearly understood. The limited access and small sizes of NPC biopsies may contribute to the lack of success in establishment of NPC cell lines. In addition, the growth conditions that are successful in establishment of head and neck cancer cell lines apparently are suboptimal for establishment of NPC cells as shown in the low successful rate of establishment of NPC cell lines. NPC differs from other head and neck cancer in its undifferentiated properties and the presence of EBV infection. Another distinct feature of NPC is the heavy infiltration of lymphoid and inflammatory components, which may release cytokines to support growth of NPC cells in patients and may also be involved in the persistence of EBV infection in NPC. Defining the role of these lymphoid and stromal cells in the tumor microenvironment of NPC is essential as it will contribute to the understanding of growth requirement of NPC cell lines and the role of EBV in its pathogenesis.
EBV infection has been postulated to play an important role in NPC development and progression in patients. Counterintuitively, the presence of EBV infection in NPC may contribute to the difficulty in establishment of NPC cell lines in culture. Our postulation is that the unique microenvironment of NPC plays essential roles in regulating the balance of latent and lytic EBV infection. The absence of these supportive tumor microenvironments in NPC cells when they are explanted to culture may trigger lytic EBV reactivation, which induces growth arrest in EBV-infected NPC cells and possibly leads to their failure to be established in culture. This postulation also conforms to the observation that all NPC cell lines established in culture, except C666-1 which is defective in lytic reactivation of EBV, rapidly lost their EBV episomes upon propagation. The abortive nature of lytic activation of EBV in C666-1 cells may enable the cells to retain the infected EBV episomes upon propagation. A previous study has already shown that cell line establishment from xenografted tissues represents a more efficient alternative compared to fresh tumor specimens [5] .
In general, human tumor xenografts that have been passaged in immune suppressed animals are commonly enriched in their tumor cell content and decreased in stromal were also increased. c The relative EBV copy significantly increased in C17 cells after expression of BZLF1. Unpaired t test, p < 0.005. d Schematic diagram for the procedures to assay for the presence of infectious EBV particles in supernatant harvested from C17 cells induced to undergo lytic reactivation. Supernatants were collected from the C17 cells transfected with BZLF1 or from the control untransfected C17 cells. The supernatants were briefly centrifuged and filtered through a 0.45 μm cellulose acetate filter to remove the cell debris. Then the centrifuged and filtered supernatants containing the EBV particles were further subjected to ultracentrifugation to pellet the EBV particles. The pellet was resuspended in medium of 1/30 of the original volume. EBV-negative Akata cells were then incubated with the concentrated EBV for 3 days. The infected Akata cells were harvested and subjected to DNA and RNA extraction to detect the presence of EBV copy and EBV gene expression, respectively. e EBV infection assay showed that the EBVnegative Akata cells infected with the supernatant from BZLF1-transfected C17 cells expressed a significantly higher EBV copy than those infected with supernatant from untransfected C17 cells. Unpaired t test, p < 0.001. f EBV infection assay also revealed that the EBVnegative Akata cells infected with the supernatant from BZLF1-transfected C17 cells expressed the EBV genes at a significantly higher level than those infected with supernatant from untransfected C17 cells. Unpaired t test, *p < 0.05, **p < 0.005, and ***p < 0.001. content. The tumor cells grown as transplanted xenografts may be less dependent on the original tumor microenvironment in patients for growth. The NPC microenvironment in patients may be essential to suppress lytic infection and support latent EBV infection. Expression of EBV latent genes, such as the BART-microRNA, which is highly expressed in NPC, has been shown to suppress apoptosis in NPC cells [27] . The NPC xenografts may be valuable resources for future establishment of NPC cell lines. In addition to C17 xenografts, there are C15 and C18 xenografts established from NPC patients from North Africa and France [13] , respectively, and xeno-666 and xeno-2117 from Southern Chinese [28] . Using conventional culture methods, we were able to establish the C666-1 from NPC xenograft, xeno-666, but failed to establish cell lines from other NPC xenografts. Epithelial outgrowths were observed in some of these NPC xenografts (e.g., xeno-2117), but they failed to proliferate and were eventually lost from the culture (unpublished observations). The use of tumor spheroid culture and inclusion of ROCK inhibitor (Y-27632) in the culture medium have contributed to the successful establishment of C17. Using similar approaches, more EBV+ve NPC cell lines may be established from xenografted NPC in future.
In this study, the initial growth of NPC cells as tumor spheroids may allow adaptation of NPC cells to grow in culture. Tumor spheroids from C17 were propagated for over 500 days before their attachment to culture surfaces which initiated monolayer growth. The use of ROCK inhibitor facilitated the formation and growth of tumor spheroids as reported in primary colon cancer [29] . Spheroid culture is commonly used in stem cell culture. The growth of C17 as spheroids may support the growth of undifferentiated NPC cells with enhanced stem cell-like properties. Our preliminary observation showed that spheroid culture represents a more favorable growth condition over monolayer cell culture for NPC cells. The 3D culture conditions, which facilitate cell-cell interaction, may be essential for survival of NPC cells, and may suppress lytic EBV reactivation and the lyticinduced growth arrest in infected NPC cells which interferes with cell line establishment.
Recent studies have shown that ROCK inhibitor (Y-27632) could prevent onset of growth arrest, inhibit terminal differentiation, but increase cell proliferation and immortalize keratinocytes [9] [10] [11] . ROCK inhibitor is commonly used in the growth of stem cells isolated from tissues [14, 30] . The detailed mechanisms involved in regulation of differentiation and stemness in cells by Y-27632 remains to be elucidated. Nonetheless, we speculate that the suppression of differentiation [12] and maintenance of stemness [8, 22] by ROCK inhibitor may be two supportive factors for growth of NPC cells in vitro, leading to the successful establishment of the C17 cell line. Undifferentiated NPC is the predominant histopathological type of NPC in the endemic regions. The presence of EBV is universally associated with undifferentiated NPC, suggesting that intracellular signaling environment in undifferentiated NPC may be supportive for latent EBV infection. Latent EBV infection is an essential step in NPC pathogenesis. EBV, however, is rapidly lost in NPC cell lines upon prolonged propagation [31] [32] [33] . It may reflect the change of differentiation properties of NPC cells under suboptimal culture conditions, which induce lytic reactivation of EBV to suppress growth of EBV-infected NPC cells.
The presence of the ROCK inhibitor, which suppresses the differentiation properties of NPC cells grown in culture, may contribute to the persistence of EBV infection in the newly established C17 cell line by suppressing lytic reactivation of EBV in NPC cells. Viral replication may cause DNA damage in host cells and trigger apoptosis [24, 27, 34] , which may be an explanation for the rapid loss of episomal viral genomes from cultured epithelial cells. ROCK inhibitor reverses blebbing of keratinocytes and inhibits apoptotic pathways [35] . This might be another reason why inclusion of ROCK inhibitor leads to establishment of EBVcontaining NPC cell lines.
The C17 cell line has undergone over 170 population doublings and showed no sign of senescence. The persistence of EBV in C17 cells was confirmed by the detection of EBV DNA, EBER hybridization, interphase EBV DNA FISH, expression of EBV latent and lytic genes, and the generation of infectious EBV upon lytic reactivation by expression of BZLF1. In addition to its use in preclinical drug evaluation for NPC treatment, the C17 cell line may also have applications in the study of regulation of latent and lytic EBV infection in infected NPC cells. The C17 cell line represents a bona fide NPC-derived cell line harboring the original EBV presents in the NPC patient. The establishment of the C17 cell line and its susceptibility to undergo lytic reactivation also opens up the opportunity for cloning of additional NPC-derived EBV after the M81 EBV [36] , which has distinct infection properties, and to address the important question whether distinct EBV strains may be associated with human cancers.
